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SUMMARY 
Six small (2-inch tip diameter) low specific speed centrifugal pump configura- 
tions were designed, fabricated, and tested pumping water. The confdgurations 
included shrouded, and 25 and 100% admissibn open face impellers, 25 to 100% 
emission vaned diffusers, and volutes with conical diffusers. Tip widths varied 
from 0.030 inch to 0.052 inch. Design specific speeds were 430 and 215. 
Head, flow, efficiency, and cavitation tests were conducted in water at speeds up 
to 29,000 rpm. 
Test efficiencies for the shrouded 430 specific speed configurations were 28 to 
33%. The 215 specific speed configurations obtained efficiencies of only 5 to 10%. 
Suction performance was largely better than predicted at 8000 to 11,000, while 
axial and radial loads were less than predicted. 
Best performance was obtained by 430 specific speed configuration 2 with a 
shrouded impeller discharging into a volute with a conical diffuser. 
There appeared to be no difference in the ability to cast the two different tip 
widths and the smallest (0.030 inch) does not appear to be a limit. 

INTRODUCTION 
Pump-fed, low- th rus t  chemical p ropu ls ion  systems a re  being considered f o r  t rans-  
f e r r i n g  acce le ra t i on - l im i ted  s t ruc tu res  f rom low e a r t h  o r b i t  t o  geosynchronous o r  
o ther  h igh  e a r t h  o r b i t s .  Engine systems f o r  these app l i ca t i ons  w i l l  r equ i re  
small, r e l a t i v e l y  low f lowra te ,  h igh  head r i s e  pumps t h a t  f a l l  ou ts ide  the  design 
range o f  e x i s t i n g  rocket  engine turbopumps. I n  order t o  e s t a b l i s h  a technology 
base f o r  f u t u r e  design o f  these systems, a program was i n i t i a t e d  t o  experimen- 
t a l l y  evaluate low s p e c i f i c  speed c e n t r i f u g a l  pump stages and i n l e t - t y p e  stages 
over the  f l o w r a t e  range o f  i n t e r e s t .  Funding f o r  t he  program i s  being provided 
under NASA-Lewis Research Center con t rac t  NAS3-23164 and r e l a t e d  e f f o r t  i s  be ing 
provided by Rocketdyne i n t e r n a l  sources. 
Contract  scope cons is ts  o f  design f a b r i c a t i o n  and t e s t  o f  s i x  s ing le-s tage cen- 
t r i f u g a l  pump t e s t  a r t i c l e s ,  and a convent ional  inducer.  The t e s t e r  and d r i v e  
t u r b i n e  were fab r i ca ted  and tes ted  as p a r t  o f  a p r i o r  company-funded e f f o r t .  The 
shear fo rce  pump w i l l  be tes ted  f o l l o w i n g  complet ion o f  the  con t rac t  e f f o r t .  The 
t e s t  program was s t ruc tu red  t o  f i r s t  determine performance o f  each o f  the  s i x  
c e n t r i f u g a l  stages w i t h  water a's the t e s t  f l u i d .  Two o f  t he  stages w i l l  then be 
tes ted  i n  l i q u i d  hydrogen t o  determine performance change due t o  d i f f e rences  i n  
f l u i d  p roper t i es  such as v i s c o s i t y  and compress ib i l i t y .  The inducer and shear 
f o r c e  stage w i l l  be tes ted  i n  l i q u i d  hydrogen t o  determine r e l a t i v e  suc t ion  per-  
formance c a p a b i l i t y .  
The water t e s t  program has been completed. This  i n t e r i m  r e p o r t  discusses the 
design and f a b r i c a t i o n  o f  t h e  c e n t r i f u g a l  stages and presents the water t e s t  per-  





A design summary of the six centrifugal pump configurations Is given in Table 1. 
Details of the pump geometries are given in Tables 2 and 3. Configurations 1 2, 
4, and 6 were designed for a specific speed of 430 (rpm * gpm0.5/FTo.f5). 
Configurations 3 and 5 were desSgned for a specific speed of 215. All of the 
pumps incorporated impellers with 2-inch tip diameters. Discharge tip widths 
ranged from 0.030 to 0.052 inch. 
Design details for Configuration 1 are given in Table 2. Pump hardware is shown 
in Fig. 1. This pump incorporates a 100% admission shrouded impeller discharging 
into a 100% emission vaned diffuser that discharges into a volute. The impeller 
is fully shrouded with backwardly curved blades. The vaned diffuser is the vane 
island type with eight straight mean line diffusing passages machined into the 
inlet housing rear face. The volute is designed with proportionately larger 
cross-section area than for a large pump to reduce friction loss. The area dis- 
tribution is designed to minimize radial load through equalizing static pressure 
circumferentially. The use of a vaned diffuser produces a nearly constant radial 
load over a wide flowrange since the diffuser produces a volute velocity matching 
the flowrate down to the diffuser stall flowrate. 
Configuration 2 (Table 2 and Fig. 2) utilizes the same impeller as Configuration 
1 but discharges its flow directly into a volute. Diffusion is accomplished by a 
volute exit conical diffuser. 
Configuration 3 (Table 3 and Fig. 3) utilizes the same impeller as Configurations 
1 and 2. The impeller discharges through a 25% emission diffuser that has the 
same diffuser passage geometry as Configuration 1. The diffuser differs in that 
only two opposite passages were machined as compared to eight for Configuration 
1. The intent is to reduce the design flowrate to one-fourth and the specific 
speed to one-half of that for 100% emission diffuser. 
Configuration 4 (Table 2 and Fig. 4) incorporates a 0.035-inch tip width open 
face impeller with 100% admission that discharges directly into a volute. The 
diffusion is accomplished by a conical diffuser at the volute exit. The impeller 
tip width was increased above that for the shrouded Impeller to compensate for 
the open face tip clearance leakage flow. 
Configuration 5 (Table 3 and Fig. 5) incorporates a 25% admission open face 
impeller that discharges directly into a volute-shaped passage to minimize hydro- 
dynamic radial loads. The impeller passage geometry is the same as for Configur- 
ation 4. The impeller geometry differs in that only two opposite passages are 
machined as compared with eight for Configuration 4. This modification was 
intended to reduce the design flowrate to one-fourth and the specific speed to 
one-half of that for a 100% admission impeller (Fig. 5, Table 3). 
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1 3  
Configuration 6 (Table 2 and Fig. 6) incorporates a 100% admission shrouded 
impeller with the same blade shape as for Configurations 1, 2, and 3 with the 
exception that the impeller passage height is increased from inlet to exit to 
give a discharge tip width of 0.052 inch. The impeller discharges into a 50% 
emission vaned diffuser with increased passage height but otherwise the same 
passage shape as for Configurations 1 and 3. This configuration is intended to 
operate at the same design point flow and specific speed as for Configuration 1. 
The larger flow passages were used to simplify fabrication. 
FABRICATION 
Machined Parts 
A very real problem with small diameter low specific speed pumps as investigated 
in this program, is the successful fabrication of very small flow passages and 
tip width. The process selected for manufacture of the open flow passages of the 
vaned diffusers, volutes, and open face impellers was machining. This method 
produced a smooth and repeatable surface finish required for low pressure and 
friction losses with minimum variation and risk. Shrouded impellers were cast 
due to the difficulty associated with machining the very small enclosed passages. 
The machined open face impellers had the advantage of superior surface finish 
control but suffered an efficiency penalty due to impeller to housing clearance. 
The cast shrouded impellers had front wear rings with more easily controlled 
radial clearance. 
Impeller Casting 
A casting development effoit was conducted to determine the optimum casting 
procedures for the Inconel 718 shrouded impellers. 
The ceramic core design consisted of individual ceramic cores of the impeller 
passages assembled on a fixture to form a one piece core assembly. Because the 
core assembly was fragile due to the very small impeller passage dimensions, the 
impeller body wax pattern was not injected around the core in one piece. Upper 
and lower wax impeller halves were injection molded separately and booked to the 
core assembly. In order to meet the close dimensional requirements for the 
impeller blades and flow passages and the tight ceramic-to-wax fitup desired for 
the booking process, trial core assemblies were dimensionally inspected before 
being booked to the impeller patterns. A single iteration to fine tune the core 
assembly techniques and minor rework of the wax pattern dies resulted in the 
desired results for subsequent casting of impellers. 
Inconel 718 was selected for casting the impellers because of its excellent 
strength, and corrosion resistance and its good castability. Inconel 718 does 
present a known potential problem of metal reaction with a ceramic core during 
the casting process. The alloy strength properties are not reduced but an 
unacceptable rough casting surface can result. Since the very small impeller 
flow passages are not readily accessible for surface finish improvement effort 





OUlElMAt PAGE “ I  
















1 5  
Experience in this program with Inconel 718 ceramic core reaction indicated the 
severity of the reaction was a function of the time molten metal was in contact 
with the core material. An iterative procedure was followed to arrive at the 
metal pour temperature and investment shell temperature that would result in com- 
plete mold filling, sound metallurgical quality, and smooth surface finish. After 
each trial pour the impeller was cut up to evaluate the flow passage surface fin- 
ish. The third test temperatures resulted in acceptable impeller quality, there- 
fore, it was adopted for the test impeller castings. 
Photographs of a 0.052-inch tip width impeller are shown in Fig. 7 and 8. There 
was no significant difference in the ability to cast the 0.030-inch tip width 
impeller and the 0.052-inch tip width impeller. Consequently, the tip width of 
future designs can be made as small as 0.030 inch with minimum casting problems, 
particularly if less reactive metal can be used. Even smaller tip widths may be 
feasible as 0.030 inch does not appear to be a limit. 
TEST PROGRAM 
Facility Description 
The water test program was conducted in Rocketdyne's Engineering Development Lab- 
oratory in a closed loop water test facility shown schematically in Fig. 9. The 
test facility was capable of conducting tests over a wide range of speed, flow, 
and inlet pressure. Inlet pressure within the test loop can be lowered by drop- 
ping water tank pressure by means of a vacuum source or increased by pressurizing 
the tank with gaseous nitrogen. The test pumps are installed in the pump tester 
and are driven by a calibrated axial flow turbine with gaseous nitrogen as the 
working fluid. A cross-sectional view of the pump tester is shown in Fig. 10. 
The pump tester assembly and the installation o f  the assembly in the test facil- 
ity are shown in Fig. 11, 12, and 13. 
Instrumentation 
Typical pump and tester instrumentation is shown in Fig. 14 and 15. Overall 
(flange to flange) head rise was determined by measuring the difference in pres- 
sure between a four-hole static pressure piezometer ring located 5 diameters 
upstream of the pump inlet and a four-hole static pressure piezometer ring 
located 10 diameters downsteam of the pump discharge. The velocity heads calcu- 
lated from the pump flowrate and respective cross-sectional areas at the measure- 
ment stations were added to the inlet and discharge static heads to obtain the 
total head rise. The pump flowrate was measured by means of a flowmeter located 
in the pump discharge line. Pump speed was measured by a tester-mounted eddy 
current proximity probe that sensed the rotation of two flats machined on the 
tester shaft. 
Instrumentation accuracies are listed in Table 4. All instrumentation was cali- 
brated by standards traceable to the Bureau of Standards prior to testing of each 
pump configuration. Calibrations were checked pretest and posttest. 
16 
1 XY52-7/8/83-C1 A 
Figure 7. 2-Inch Diameter Impeller Casting (Inlet) 
17 
1 XY52-7/8/83-C1 B 
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TABLE 4. INSTRUMENTATION ACCURACIES 
PUMP INLET PRESSURE 
PUMP INLET AND DISCHARGE TEMPERATURE 
PUMP DISCHARGE PRESSURE AND ALL OTHER 
INTERNAL PRESSURES SHOWN I N  FIG. 14 
FLOWRATE 
- t 0.5 P S I  
- t 0.2 DEGREE R 
- t 2.5 P S I  
- t 0.5% 
SHAFT SPEED 
Test Procedures 
- t 0.5% 
The t e s t s  evaluated head r i s e  versus f l o w  a t  s h a f t  speeds o f  24,500, 19,600, 
14,700, and 9350 rpm f o r  Conf igura t ions  1, 2, 4, and 6 and a t  s h a f t  speeds o f  
29,000, 23,520, and 11,760 rpm f o r  Conf igura t ions  3 and 5. The f l o w r a t e  was con- 
t r o l l e d  by a va lve  located downstream o f  t he  f lowmeter. Pump speed was c o n t r o l l e d  
by vary ing  the t u r b i n e  i n l e t  and discharge pressure t o  c o n t r o l  t he  power i n p u t  t o  
the  pump. S u f f i c i e n t  t u r b i n e  measurements were made t o  pe rm i t  c a l c u l a t i o n  o f  t h e  
power i n p u t  t o  the  pump based on t u r b i n e  c a l i b r a t i o n  data obtained subsequent t o  
the  pump t e s t s .  
S u f f i c i e n t  pressure measurements were made i n  the pump t o  permi t  c a l c u l a t i o n  o f  
the pump a x i a l  and r a d i a l  loads and i n t e r n a l  performance a t  t e s t  opera t ing  
cond i t ions .  
Suct ion performance t e s t s  were conducted by opera t ion  a t  a constant pump r o t a t i n g  
speed and f l o w r a t e  w i t h  the pump i n l e t  pressure g radua l l y  lowered from a h i g h  t o  
a low value. The h igher  t e s t  speeds produced cons is ten t  suc t i on  s p e c i f i c  speed 
values and were, there fore ,  used t o  determine the pump suc t i on  performance. Suc- 
t i o n  performance data were no t  obtained f o r  Con f igu ra t i on  1 due t o  damage t o  the 
v o l u t e  wear - r ing  du r ing  the head versus f l o w  t e s t .  Since the same i m p e l l e r  was 
used f o r  Con f igu ra t i on  2 the suc t i on  performance c a p a b i l i t y  o f  t he  i m p e l l e r  was 
evaluated by t e s t  o f  Con f igu ra t i on  2. 
The pump power was determined by computing the  power generated by the  d r i v e  t u r -  
b i n e  based on t e s t  measurements and t u r b i n e  c a l i b r a t i o n  data. The t u r b i n e  was 
c a l i b r a t e d  a f t e r  the pump t e s t  program us ing  a water dynamometer. The power 
a v a i l a b l e  t o  t h e  pump was determined by connect ing the  t u r b i n e  mounted on the  
pump t e s t e r  t o  the dynamometer. The t u r b i n e  was d r i v e n  by d r y  gaseous n i t r o g e n  
du r ing  the c a l i b r a t i o n .  The t u r b i n e  measurements du r ing  the  c a l i b r a t i o n  were the 
same as those obtained du r ing  the  pump t e s t s  t o  p rov ide  a d i r e c t  r e l a t i o n s h i p  o f  
c a l i b r a t i o n  in fo rmat ion .  
The dynamometer replaced t h e  pump as the power absorber. Therefore, t he  t u r b i n e  
c a l i b r a t i o n  inc ludes  the  r o t a t i n g  assembly bear ing  and seal  power losses up t o  




HEAD AND EFFICIENCY PERFORMANCE VERSUS FLOW 
Table 5 summarizes t h e  pump design p o i n t  head and e f f i c i e n c y  a t  t h e  des ign p o i n t  
f lowra tes  w h i l e  F ig .  16 through 21 present t h e  head, f low,  e f f i c i e n c y  data f o r  
each i f  t h e  6 conf igura t ions .  F igure  22 presents a comparison o f  e f f i c i e n c y  data 
f rom a l l  6 conf igura t ions .  S imi la ry ,  F ig .  23 presents a comparison o f  d e l i v e r e d  
head. The wear r i n g  r a d i a l  clearances and open face i m p e l l e r  a x i a l  clearances 
a r e  l i s t e d  i n  Table 2 and 3. 
Pump Conf igurat ions 1, 2, 4, and 6 were designed t o  operate a t  a design p o i n t  
s p e c i f i c  speed ( N s )  o f  430. The h ighes t  e f f i c i e n c y ,  32.5%, and head r i s e ,  750 
f e e t  a t  24,500 rpm, was achieved by Conf igura t ion  2, which u t i l i z e d  a shrouded 
i m p e l l e r  w i t h  a 0.030-inch e x i t  t i p  w i d t h  d ischarg ing i n t o  a v o l u t e  w i t h  a coni -  
c a l  d i f f u s e r  a t  t h e  e x i t .  The lowest e f f i c i e n c y ,  23%, and head r i s e  445 f e e t ,  o f  
the  f o u r  c o n f i g u r a t i o n s  was produced by Conf igura t ion  4, which was s i m i l a r  t o  
Conf igura t ion  2 except f o r  t h e  use o f  an open face i m p e l l e r  r a t h e r  than a 
shrouded i m p e l l e r .  The second h ighes t  e f f i c i e n c y  31% and t h i r d  h ighes t  head r i s e ,  
725 f e e t ,  was achieved by Conf igura t ion  1, which used the  same i m p e l l e r  as Con- 
f i g u r a t i o n  2 b u t  d ischarg ing  through a vaned d i f f u s e r  fo l lowed by a v o l u t e  and 
e x i t  d i f f u s e r .  The t h i r d  h ighes t  e f f i c i e n c y ,  28.5%, and second h ighes t  head r i s e ,  
745 f e e t ,  was achieved by Conf igura t ion  6, which used a shrouded i m p e l l e r  w i t h  a 
0.052-inch e x i t  t i p  w i d t h  d ischarg ing  through a 50% emission vaned d i f f u s e r  i n t o  
a vo lute.  The head r i s e  and e f f i c i e n c y  r e s u l t s  a re  in f luenced by t h e  wear r i n g  
clearances and t h e  a x i a l  c learance o f  the  open face impe l le r .  Test Conf igura t ion  
1 operated w i t h  wear r i n g  clearances w i t h i n  the  p r e t e s t  design values w h i l e  the  
o ther  c o n f i g u r a t i o n s  were t e s t e d  w i t h  clearances t h a t  were s l i g h t l y  l a r g e r  than 
design (' lables 1, 2, and 3) t o  avo id  rubbing. The e f f i c i e n c i e s  would have been 
h igher  i f  the  pumps had been operated w i t h  the  design clearances. This t o p i c  i s  
discussed i n  more d e t a i l  i n  a l a t e r  sect ion.  Conf igura t ion  3 was designed t o  
operate a t  a design p o i n t  s p e c i f i c  speed o f  215. A t  t h e  t e s t  speed o f  29,000 rpm 
Conf igura t ion  3 achieved t h e  h igher  e f f i c i e n c y  o f  9.6% and head o f  1125 f e e t .  
Th is  c o n f i g u r a t i o n  incorporated the  same shrouded i m p e l l e r  as Conf igurat ions 1 
and 2 and discharged through a 25% emlssion d i f f u s e r  and vo lu te .  Conf igura t ion  5 
incorporated a 25% admission open face i m p e l l e r  w i t h  t h e  same passage conf igura-  
t i o n  as Conf igura t ion  4. Th is  i m p e l l e r  discharged d i r e c t l y  i n t o  a vo lu te .  I t  
obtained a head r i s e  o f  340 f e e t  a t  29,000 rpm a t  an e f f i c i e n c y  o f  5.1%. The low 
e f f i c i e n c y  o f  Conf igurat ions 3 and 5 r e s u l t  f rom t h e  very low f lowra te ,  one- 
f o u r t h  t h a t  o f  Conf igurat ions 1, 2, 4, and 6, a t  t h e  same speed. A t  one-fourth 
the  d e l i v e r e d  f l o w  t h e  h y d r a u l i c  power output  i s  reduced t o  one-fourth.  The 
i n p u t  power, however, i s  o n l y  s l i g h t l y  reduced r e s u l t i n g  i n  t h e  low e f f i c i e n c y .  
c o n f i g u r a t i o n  5 has a lower e f f i c i e n c y  than Conf igura t ion  3 because o f  the  h i g h  
loss  i n  t h e  i m p e l l e r  t o  housing a x i a l  c learance space. 
Figures 24 through 29 compare the  i m p e l l e r  s t a t i c  pressure r i s e  w i t h  the  o v e r a l l  
pump s t a t i c  pressure r i s e .  The d i f f e r e n c e  i n  t h e  two i n d i c a t e s  t h e  conversion o f  
t h e  i m p e l l e r  e x i t  v e l o c i t y  pressure i n t o  s t a t i c  pressure.  Table 6 summarizes the  
design p o i n t  d i f f u s i o n  system performance. Conf igura t ion  2 w i t h  a v o l u t e  e x i t  
con ica l  d i f f u s e r  achieved t h e  h ighes t  d i f f u s i n g  system performance. Conf igura t ion  
2, as w e l l  as t h e  vaned Conf igurat ions 1 and 6, were n o t  a f f e c t e d  by changes i n  
f lowra te .  However, t h e  25% emission vaned d i f f u s e r  a f f e c t e d  Conf igura t ion  3 out-  
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FLOW / DESIGN FLOW 
Flgure 16. Low-Thrust Water Testing 
Configuration 1 
Test and Curve Speed - 24,500 rpm 





FLOW / DESIGN FLOW 
Figure  17 .  Low-Thrust Water Test ing 
Conf igurat ion 2 
Test and Curve Speed - 24,500 rpm 
Spec i f ic  Speed - 430 
30 
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FLOW / DESIGN FLOW 
Figure 18. Low-Thrust Water Testing 
Configuration 3 
Test and Curve Speed - 29,000 rpm 




FLOW / DESIGN FLOW 
Figure  19. Low-Thrust Water Test ing 
Conf igurat ion 4 
Test and Curve Speed - 24,500 rpm 
S p e c i f i c  Speed - 430 
32 
FLOW / DESIGN FLOW 
Figure 20. Low-Thrust Water Testing 
Configuration 5 
Test and Curve Speed - 29,000 rpm 




FLOW / DESIGN FLOW 
Configuration 6 
Test and Curve Speed - 24,500 rpm 
Specific Speed - 430 
















































8 15: a- 
1333 '3SMClMH 3IlVLS 01 3 I l V l S  









U33 '3SMOV3H 3 I l V l S  01 3 I l V l S  
38 
1 I I I I I I I I I I I I 1  I I I I I I I I I I I I I I P 1  I I I I I I I I I I I I I I I I I l l  I I I I I I I I ria 
52 8 N, 8 0, 8 IC. 8 8 O D 







m m  
.I-- 
LV- 





*.I- * *  
* m  m a  
I- 
L 
Q ) L  ?a3 
7 - w  a *  
Q3: E 
w c ,  
m 
u a  




















133d '3SMOV3H 3 I l V l S  01 311VlS 






4 2  
TABLE 6. DIFFUSION SYSTEM STATIC PRESSURE DISTRIBUTION 
OVERALL 
IMPELLER S l A T I C  PUMP STATIC DIFFUSER STATIC 
HEADRISE, FEET HEADRISE, FEET HEADRISE, FEET 
CONFIGURATION H~~~ HOV HD-P 
1 620 724 104 
2 576 7 52 176 
3" 7 20 805 85 
4 354 440 86 
5" 192 243 51 









C a v i t a t i o n  t e s t s  were run a t  constant pump speed and f l o w r a t e  f o r  pump Configura- 
t i o n s  2, 3, 4, 5, and 6. Pump Conf igura t ion  1 was no t  run because i t  contains 
the  same i m p e l l e r  as Con f igu ra t i on  2 and, t he re fo re ,  would have the  same suc t i on  
performance. A l l  suc t i on  performance data are presented a t  5% o v e r a l l  pump head 
loss.  The design p o i n t  p red ic ted  and t e s t  suc t i on  performance i s  compared f o r  
t he  s i x  con f igu ra t i ons  i n  Table 7. The p red ic ted  c a v i t a t i o n  performance a t  the 
design p o i n t  i s  based on the  procedure developed by Gongwer and presented by 
Wisl icenus i n  Ref. 1. For the p a r t i a l  admission and emission pumps, the impe l l e r  
i n l e t  area was determined by m u l t i p l y i n g  t h e  geometric area by emission o r  admis- 
s ion  r a t i o .  The ca l cu la ted  leakage f l o w r a t e  f o r  each c o n f i g u r a t i o n  was added t o  
t h e  through f l o w r a t e  i n  computing the  i m p e l l e r  i n l e t  f l o w  c o e f f i c i e n t .  As shown 
i n  Table 7, Conf igura t ions  4 and 5 (open face impe l l e rs )  e x h i b i t e d  h igher  suc t i on  
s p e c i f i c  speed c a p a b i l i t y  than pred ic ted .  A probable exp lanat ion  i s  t h a t  the 
i n f l u e n c e  o f  t he  backf low leakage i s  lower than o r i g i n a l l y  accounted f o r  i n  the  
p red ic ted  values. The shrouded i m p e l l e r  Conf igura t ions  3 and 6 (25  and 50% emis- 
s ion,  r e s p e c t i v e l y )  both performed b e t t e r  than pred ic ted ,  i n d i c a t i n g  t h a t  the 
p a r t i a l  emission i n f l u e n c e  i s  n o t  as severe as pred ic ted .  
F igure  30 presents the t e s t  Con f igu ra t i on  2 pump t o t a l  headr ise versus NPSH f o r  
80, 100, and 120% o f  design f l o w r a t e  a t  a t e s t  speed o f  24,500 rpm. The t e s t  
r e s u l t s  show t h a t  the head r i s e  i s  constant over a wide NPSH range f o r  each f low-  
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Figure 31. Suction Performance 
Configuration 2 
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F igure 32 i n d i c a t e s  t h a t  the  head r i s e  versus NPSH i s  constant  f o r  Conf igura t ion  
3 over a wide NPSH range a t  80 and 100% o f  the  design f lowra te .  A t  120% o f  design 
f l o w r a t e  t h e  head r i s e  begins t o  drop as NPSH i s  decreased below approximately 
100 f e e t  a t  27,440 t e s t  rpm, The t e s t  r e s u l t s  presented on F ig.  26 i n d i c a t e  t h a t  
t h e  d i f f u s e r  s t a t i c  pressure recovery cont inuously  decreases as t h e  f l o w r a t e  i s  
increased u n t i l  a t  120% o f  design f l o w r a t e  t h e  recovery i s  zero. This along w i t h  
the  120% head versus NPSH c h a r a c t e r i s t i c  i n d i c a t e s  t h e  vaned d i f f u s e r  may be cav- 
i t a t i n g .  This  may be a f u n c t i o n  o f  the  percent  emission s lnce the  50% emission 
Conf igura t ion  6 demonstrated a constant  head r i s e  over a wide f l o w  range o f  120% 
f l o w  as w e l l  as a constant d i f f u s i n g  system s t a t i c  pressure r i s e  over a wide f l o w  
range. Suct ion s p e c i f i c  speed versus f l o w r a t e  f o r  Conf igura t ion  3 i s  shown on 
Fig. 33. 
Conf igura t ion  4 c a v i t a t i o n  performance shown i n  F ig .  34 as head versus NPSH f o r  
80, 100, and 120% o f  design f l o w r a t e  i n d i c a t e s  a wide NPSH range a t  constant 
headrise. The suc t ion  s p e c i f i c  speed versus f l o w  r a t i o  a t  5% head loss  i s  shown 
on F ig.  35. 
Conf igura t ion  5 head versus NPSH i s  shown f o r  f l o w  r a t i o s  Q/QD o f  0.8, 1.0, and 
1.2 on Fig. 36. Suct ion s p e c i f i c  speed versus f l o w  r a t i o  i s  shown i n  Fig.  37. 
This  p a r t i a l  admission i m p e l l e r  demonstrated the  lowest suc t ion  s p e c i f i c  speed o f  
t h e  s i x  t e s t  con f igura t ions .  
Conf igura t ion  6 head versus NPSH i s  presented on F ig.  38 f o r  the  f l o w  r a t i o s  0.8, 
1.0, and 1.2. Constant head was generated over a wide NPSH range f o r  t h e  t h r e e  
f lowra tes .  Suct ion s p e c i f i c  speed versus f l o w  r a t i o  i s  p l o t t e d  on F ig.  39. 
HYDRODYNAMIC SHAFT LOADING 
Each pump was instrumented t o  measure pressures requ i red  t o  c a l c u l a t e  a x i a l  and 
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Figure  37. Suction Performance 
Conf igurat ion 5 
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Figure  39. Suction Performance 
Configuration 6 
54 
Radial  Load. The r a d i a l  loads a re  determined from the  s t a t i c  pressure d i s t r i b u -  
t i o n  downstream o f  t he  impe l l e r .  For the  vaned d i f f u s e r  pumps the  s t a t i c  pres- 
sure taps a re  located i n  the  d i f f u s e r  passage i n l e t .  The number o f  d i f f u s e r  
passages and, there fore ,  t he  number o f  s t a t i c  pressure taps depends on the  con- 
f i g u r a t i o n .  For vo lu te  pumps fou r  taps a r e  loca ted  equa l l y  spaced i n  the  vo lute.  
From these pressures the  s t a t i c  pressure a t  t he  i m p e l l e r  t i p  i s  determined by 
assuming a f r e e  vor tex  f l o w  from the  impe l l e r  d ischarge diameter t o  the  pressure 
tap  l oca t i on .  
Using the  pressures a t  the  impe l l e r  t i p  and assuming the  pressure d i s t r i b u t i o n  i s  
l i n e a r  between pressure taps, the incremental  fo rces  may be ca lcu la ted .  The 
r e s u l t a n t  f o r c e  i s  found by summing fo rce  components v e c t o r i a l l y .  
Radial  loads over the  t e s t  f l o w  range are  shown i n  F ig .  40. The t w o  pumps show- 
i n g  the smal lest  r a d i a l  loads are  Conf igurat lons 1 and 6. Both o f  these conf lgu-  
r a t i o n s  have vaned d i f f u s e r s .  The on ly  o ther  pump w i t h  a vaned d i f f u s e r ,  Config- 
u r a t i o n  3,  showed l a r g e r  r a d i a l  loads than 1 and 6. However, the  r a d i a l  loads 
f o r  Conf igura t ion  3 were ca l cu la ted  us ing  the  two d i f f u s e r  i n l e t  pressure taps 
and, there fore ,  are n o t  as accurate as the  o ther  r e s u l t s .  The t e s t  speed f o r  
Conf igura t ions  3 and 5 were  29,000 rpm, compared w i t h  24,500 rpm f o r  Configura- 
t i o n s  1, 2, 4, and 6. Therefore,  the  Conf igura t ion  3 and 5 r a d i a l  loads should 
be d i v ided  by 1.4 be fore  comparison w i t h  the o ther  con f igu ra t i ons .  The vaned 
d i f f u s e r  con f igu ra t i ons  e x h i b i t  r a d i a l  loads which do no t  depend s t rong ly  on 
f l owra te .  This i s  I n  con t ras t  t o  the  vo lu te  pumps, which show h igher  r a d i a l  
loads w i t h  a l a rge  dependence on f lowra te .  These c h a r a c t e r i s t i c s  agree w i t h  
those p red ic ted  f o r  the  vaned d i f f u s e r  and vo lu te  pumps. Vaned d i f f u s e r  pumps 
a re  more des i reab le  when wide f l o w  range opera t ion  i s  requi red.  
A x i a l  Loads. The a x l a l  load i s  determined from the  s t a t i c  pressure d i s t r i b u t i o n  
on the f r o n t  and rea r  impe l l e r  face and by the  impe l l e r  i n l e t  pressure. The 
f r o n t  face has th ree  s t a t i c  pressure taps loca ted  a t  the shroud hub, midpoint ,  
and t i p .  The rear  face has t w o  s t a t i c  pressure taps located a t  the shroud hub 
and t i p .  
The a x i a l  load versus f low/design f l ow  i s  p l o t t e d  i n  F ig .  47 and 42 f o r  the 
shrouded and open face impe l le rs ,  respec t i ve l y .  The shrouded impe l l e rs  show 
design p o i n t  a x i a l  loads i n  the  range o f  2.6 t o  42.5 pounds i n  a d i r e c t i o n  toward 
the  tu rb ine .  The open face impe l l e rs  show design p o i n t  values o f  8.7 and 22.2 
pounds. However, the  d i r e c t i o n  i s  away from the  tu rb ine .  A l l  a x i a l  and r a d i a l  
loads a re  w e l l  w i t h i n  bear ing load c a p a b i l i t y  i n  the  design f l o w  region. With 
vaned d i f f u s e r s  load margin e x i s t s  over a very wide f l o w  range. 
ANALYSIS OF PUMP LOSSES 
A f t e r  complet ion o f  t he  water t e s t  program, Conf igura t ions  2 and 6 were se lected 
f o r  f u r t h e r  t e s t s  and w i l l  be tes ted  w i t h  l i q u i d  hydrogen as the  pumped f l u i d .  
Predic ted losses f o r  these con f igu ra t i ons  when pumping water o r  l i q u i d  hydrogen 
a re  g iven i n  Tables 8 and 9, respec t i ve l y .  The losses presented are  a percent o f  
t he  t o t a l  power i npu t .  The types o f  l oss  noted i n  the tab les  a re  t y p i c a l  o f  those 
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Figure 41. Axial Load, Shrouded Impellers, Test Data 
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Figure 42. Axial Load, Open Face Impellers, Test Data 
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TABLE 8. PREDICTED LOSSES PERCENT OF INPUT POWER PUMPING 
WATER S P E C I F I C  SPEED = 430 
SPEED, RPM 
FLOWRATE, GPM 
WEAR RING CLEARANCE, INCHES 
TOTAL WEAR RING LEAKAGE 
D I S K  FRICTION 
IMPELLER INTERNAL FRICTION 
IMPELLER DIFFUSION 
IMPELLER INCIDENCE 
IMPELLER E X I T  RECIRCULATION 
VANELESS SPACE F R I C l I O N  
VANED DIFFUSER INCIDENCE 
VANED DIFFUSER F R I C l I O N  












































TABLE 9. PREDICTED LOSSES PERCENT OF INPUT POWER PUMPING 
L I Q U I D  HYDROGEN SPECIF IC  SPEED = 430 
PUMP SPEED, RPM 
FLOWRATE, GPM 
WEAR RING, CLEARANCE, INCHES 
TOTAL WEAR RING LEAKAGE 
DISK FRICTION 
IMPELLER INTERNAL FRICTION 
IMPELLER DIFFUSION 
IMPELLER INCIDENCE 
IMPELLER E X I T  RECIRCULATION 
VANELESS SPACE F R I C l I O N  
VANED DIFFUSER INCIDENCE 
VANED DIFFUSER FRICTION 














































P a r t i a l  emission pump performance was evaluated assuming t h a t  the  f l o w  v e l o c i t y  
i n  the  f l o w i n g  impe l l e r  passages was equal t o  the  impe l l e r  through f l o w  d i v ided  
by the  percent  emission p lus  wear r i n g  leakage f l o w .  Th is  f l u i d  q u a n t i t y  was 
then used t o  c a l c u l a t e  i m p e l l e r  f r i c t i o n  d i f f u s i o n  and inc idence loss  i n  the  
f l ow ing  passages. No unsteady f l o w  loss  was computed and, because o f  the  low 
i m p e l l e r  f l o w  c o e f f i c i e n t  f o r  these low s p e c i f i c  speed pumps, t h i s  loss  i s  small. 
For h igher  s p e c i f i c  speed pumps and compressors w i t h  h igher  i m p e l l e r  passage ve l -  
o c i t i e s ,  t h i s  loss  would be s i g n i f i c a n t .  
Comparison o f  the  r e s u l t s  f o r  pumping water (Table 8) w i t h  r e s u l t s  f o r  pumping 
l i q u i d  hydrogen (Table 9) shows t h a t  f l o w  f r i c t i o n  and, i n  p a r t i c u l a r ,  d i s k  f r i c -  
t i o n  losses a re  s i g n i f i c a n t l y  lower when pumping l i q u i d  hydrogen. This i s  due t o  
the much lower v i s c o s i t y  o f  hydrogen and r e s u l t s  i n  h igher  e f f i c i e n c y .  The losses 
associated w i t h  leakage, d i f f u s i o n ,  and momentum a re  a h igher  percentage o f  the 
power i n p u t  as a r e s u l t  o f  the  reduced i n p u t  power r e s u l t i n g  f rom the  lower d i s k  
f r i c t l o n .  
By f a r ,  the  h ighes t  i n d i v i d u a l  losses i n  e i t h e r  f l u i d  a re  the  d i sk  f r i c t i o n  loss  
and the  i m p e l l e r  wear r i n g  ( s e a l )  leakage l o s s .  With wear r i n g  r a d i a l  clearances 
o f  on ly  0.002 inch,  the  t o t a l  of these two losses account f o r  approximately 47% 
o f  t o t a l  power i n p u t  when pumping water and 40% when pumping l i q u i d  hydrogen. 
With low s p e c i f i c  speed pumps, the c learance must be small t o  reduce leakage 
loss .  This i s  i l l u s t r a t e d  i n  Table 9 which shows the  i n f l uence  o f  a c learance 
change on Conf igurat ion 6 when pumping l i q u i d  hydrogen. An increase I n  r a d i a l  
c learance from 0.002 t o  0.003 i nch  r e s u l t s  i n  a decrease i n  p red ic ted  e f f i c i e n c y  
f rom 40.4 t o  35.4%, which would requ i re  a 14% increase I n  i n p u t  power. 
The leakage l o s s  f o r  the  shrouded impe l l e rs  inc ludes the  f r o n t  ( i m p e l l e r  i n l e t )  
and rear  wear r i n g  f lows.  The rea r  wear r i n g  f l o w  i s  re turned t o  the impe l l e r  
i n l e t  through passages i n  the  component. The leakage f l o w  through the  impe l l e r  
i n l e t  wear r i ng ,  however, has a tangen t ia l  v e l o c i  t y  approximately equal t o  h a l f  
wheel speed a t  the  impe l l e r  i n l e t  p r i o r  t o  mix ing  w i t h  the incoming f l o w .  This 
produces p r e w h i r l  a t  t he  i m p e l l e r  i n l e t ,  which drops the  change o f  angular momen- 
tum produced by the i m p e l l e r  and, there fore ,  reduces the  pump head r i s e .  As the 
de l i ve red  pump f l o w  i s  reduced f r o m  i t s  normal opera t ing  f lowra te ,  the r a t i o  o f  
the  impe l l e r  t o t a l  f l o w  t o  the  w h i r l i n g  f r o n t  wear r i n g  f l o w  i s  decreased. This 
r e s u l t s  i n  inc reas ing  p r e w h i r l  as the  f l o w  i s  reduced. The increased p rewh i r l  
ac ts  t o  reduce pump head r i s e  a t  reduced de l i ve red  f l o w  w h i l e  the  increased tan- 
g e n t i a l  v e l o c i t y  a t  t he  backwardly curved impe l l e r  b lade e x i t  ac ts  t o  increase 
the  pump head r i s e .  The r e s u l t  a t  l o w  s p e c i f i c  speeds i s  a near ly  constant head 
r i s e  as de l i ve red  f l o w  i s  reduced. 
PUMP SEAL CLEARANCE EFFECTS 
The impe l l e r  seals a re  smooth faced wear r ing- type seals.  Clearances vary f r o m  
c o n f i g u r a t i o n  t o  c o n f i g u r a t i o n  due t o  manufactur ing d i f fe rences .  An adjusted 
e f f i c i e n c y  i s  determined, which r e f l e c t s  the  expected e f f i c i e n c y  a t  t he  designed 
0.002 i n c h  r a d i a l  wear r i n g  c learance. 
The fou r  shrouded impe l l e r  con f igu ra t i ons  (1, 2, 3,  and 6)  have wear r i n g s  seal-  
i n g  aga ins t  both f r o n t  and rea r  shroud c a v i t y  leakage. The smooth-faced seals 
a re  loca ted  a t  a mean diameter o f  1.002 inch.  The as- tested r a d i a l  wear r i n g  

















ln rDo,-u i  * . . . . .  
r c u m m u i m  
m m  cu cu 
0 0 0 0 0 0  
0 0 0 0 0 0  
* * m * m *  
C U W N W N N  
VL ". O. VL 9 ". 
o m  
r O  
0 0  
I I 1 0 0 1  . .  
o o o u i m o  
N c u N Q m m  
0 0 0 0 0 0  
0 0 0 0 0 0  ~~~~~~ . . . . . .  
0 0 0 0 0 0  
inlnln 7 m G 2 2  0 0 0 I I O  0 . . .  
0 0 0  0 
m m  
0- 
00 2 3** 
+I- 
v)lA 
w w  
I-I- 
1 1  
I-e 
e a  
22 
>>  
U U  
z r  w w  uu
V U  W Y  
C L L  
L L  
W W  
C C  
1 
62 
computed by the centrifugal pump loss isolation program. A sample output from 
the program is presented in Table 9 for a 0.002 to 0.003 inch change in radial 
wear ring clearance. The program output presents the individual component losses 
as a percentage of input power. By changing only the seal clearance, the input 
power is affected. The magnitude o f  the remaining component losses show a change 
in the percentage of the input power, their absolute magnitudes are essentially 
unchanged. 
Using the Loss Isolation Program the four shrouded pump efficiencies are adjusted 
to the design radial wear ring clearance of 0.002 inch. These efficiencies are 
presented in Table 10. The Configuration 6 efficiency is better than the Config- 
uration 1 efficiency, thus indicating the potential of partial emlssion pumps for 
low specific speeds. 
The turbopump efficiencies for the open-faced impellers are not adjusted. The 
losses due to impeller blade tip leakages are not accurately known. The lower 
efficiencies for. the open-faced impellers compared to the shrouded pumps is 
attributed to the face clearance being large compared to the impeller blade 
height. 
The seal clearance will also have an effect on the delivered pump head. The 
leakage flowrate through the front impeller wear ring will have a large tangen- 
tial component. Mixing of whirling leakage flow with the nonwhirling inlet flow 
will increase the inlet prewhirl. The effect on headrise is measured for two 
Configuration 6 pump builds (and is shown in Fig. 43). A 4% change i n  headrise 
is the result of a large change in wear ring clearance. Preliminary calculations 
agree with these measured results, further analysis on the effect of leakage 
flowrate on pump head output is suggested. 
CONCLUSIONS 
Tests were successfully completed to evaluate small centrifugal pumps operating 
at specific speeds well below those previously reported. The tests demonstrate 
successful pump operation is possible in the specific speed range from 215 to 
430. At the lower specific speed range a severe efficiency penalty occurs since 
the hydraulic output power is substantially lower than the parasitic power. 
The Configuration 6 partial emission diffuser concept has demonstrated the 
ability to use one impeller to cover a wide flow range by merely changing 
diffusers. The partial admission impeller concept resulted in low efficiency 
with an open face impeller. 
Open face impellers resulted in low efficiency due to large axial clearance to 
passage height ratio. The control of axial clearance to the close tolerances 
required by small open face impellers for good performance is very difficult for 
small low specific speed pumps. 
The maximum efficiency occurred for a volute-type pump (Configuration 2). The 
simplicity resulting from the absence of a vaned diffuser makes this configuration 
highly desirable when the engine operation permits single-point operation. 
Single-point operation permits volute design for a minimum radial load. When wide 
flow range operation is required a vaned diffuser is desired to produce a low 


















The data presented i n  the  Appendix inc ludes  n o n c a v i t a t i n g  r e s u l t s  f o r  each o f  t he  
s i x  con f i gu ra t i ons  tes ted .  The t e s t  number f o r  
















Each data s l i c e  represents the  average o f  10 scans taken du r ing  steady s ta te -  
opera t ing  cond i t ions .  Inc luded w i t h  the  data i s  a copy o f  t he  constant f i l e  
i n p u t  f o r  each c o n f i g u r a t i o n .  The Data Table 11 shows the turbopump Configura- 
t i o n  Geometries. The tabu la ted  data format changed from t e s t  t o  t e s t  as the  data 
reduc t i on  program was being updated. 
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